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(54) Non-contact tension measurement of moving fiber using travelling wave time-of-flight 
analysis 

(57) The invention provides an optical fiber produc- 
ing apparatus for non-contact fiber tension monitoring, 
having: a traveling wave wavelet transformation proc- 
essor (41) and a time-of-flight fiber tension processor 
(42). The traveling wave transformation processor (41) 
responds to a fiber transverse position processor signal 
representing information relating to a traveling wave 
propagating in one direction along a moving fiber (F) and 
a reflection of the traveling wave propagating back in an 
opposite direction along the moving fiber (F), and pro- 
vides a traveling wave transformation processor signal. 
The time-of-flight fiber tension processor (42) responds 
to the traveling wave transformation processor signal, 
and further responsive to a fiber draw speed signal, and 
provides a time-of-flight fiber tension processor signal 
indicative of a fiber tension of the moving fiber (F) using 
traveling wave time-of-flight analysis. The optical fiber 
producing apparatus performs non-contact fiber tension 
monitoring using a physical description of the fiber mo- 
tion which accurately accounts for the fact that the fiber 
(F) is moving, particularly at a high rate of speed, which 
has an influence on the time-of-flight of traveling waves 
propagating on the moving fiber (F). The non-contact 
fiber tension monitoring is extremely accurate at high 
fiber speeds. 
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Des ription 

TECHNICAL FIELD 

This invention relates to an optical fiber producing 
apparatus for non-contact tension monitoring of a mov- 
ing fiber; and more particularly, relates to the non-con- 
tact tension monitoring of the moving optical fiber using 
traveling wave time-of-flight analysis. 

BACKGROUND OF THE INVENTION 

During the manufacture of certain fibers, yarns, rib- 
bons, and belts, it is necessary to apply tension force, 
for example by pulling, in order to produce the fibers, 
yarns, ribbons, and belts. Many different ways are 
known in the art to measure and monitor tension on a 
moving fiber without contacting it. The following is a brief 
description of four different techniques known in the pri- 
or art. 

Various patents are known that perform non-contact 
monitoring using an air jet to cause vibration and ana- 
lyzing the resonant frequency of a standing wave. For 
instance, U. S. Patent Nos. 5,113,708, 4,445,322 and 
4,376,368 involve using an air jet to vibrate yarn at its 
harmonic frequency, and an infrared photo detector to 
measure harmonic frequency to determine tension. In 
particular, a steady stream of air vibrates specifically a 
piece of yam at its harmonic frequency, determines the 
vibrating yarn's harmonic frequency, and relates that 
harmonic frequency to the yarn tension using estab- 
lished methods for standing wave analysis. 

U.S. Patent Nos. 5,079,433 and 4,692,615 teach 
methods that analyze the resonant frequency of natural 
vibrations in a standing wave. These patents require on- 
ly the natural vibration of the fiber, and do not use any 
method to further act on the motion of the fiber or expose 
the fiber to potential contact with additional, close prox- 
imity devices. 

In addition, U.S. Patent Nos. 5,316,562 and 
5,228,893 use a series of air "puffs" with their frequency 
modulated to match specifically the resonant frequency 
of an optical fiber. When the x-y motion of the fiber at 
the detector achieves a maximum deviation indicating 
that the air puff frequency matches the harmonic fre- 
quency, the air puff frequency is taken to be the harmon- 
ic frequency of the fiber, and the tension is derived as 
in the approach of U. S. Patent Nos. 5,113,708, 
4,445,322 and 4,376,368. In particular, U.S. Patent Nos. 
5,316,562 and 5,228,893 use an air jet to vibrate spe- 
cifically a stationary grid element, then derive tension 
from the resonant frequency, as discussed above. 

U.S. Patent No. 5,233,200 teaches an offset meth- 
od that is different than the aforementioned methods, 
and uses a steady air stream of a known cross section 
and velocity to deflect specifically from a straight line the 
path of an optical fiber, and derives the tension on th 
fiber from the magnitude of the deviation from the nor- 
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mal axis of the optical f^^and makes no us of the 
fiber vibration characteristics. 

U.S. Patent Nos. 5,359,904 and 4,833,928 1 ach a 
method of non-contact measurement that subjects a fib- 

s er under tension with an acoustic pulse in order to in- 
duce a wave impulse, whose velocity through the medi- 
um can be measured. In the specific fiber optic applica- 
tion, the velocity of the imparted acoustic pulse is deter- 
mined by measuring the time delay between sensing the 

to pulse at two discrete locations, once in the direction co- 
incident with the motion of the fiber, and again in the 
opposite direction, and using an average of the two as 
the propagation velocity (thereby eliminating the effect 
of the fiber speed). 

15 The primary shortcoming shared by the methods 
described in U. S. Patent Nos. 5,113,708, 4,445,322, 
4,376,368, 5,079,433 and 4,692,615, using standing 
wave analysis, is the treatment of the fiber transverse 
motion as standing waves (a "vibrating fixed string" ap- 

20 proach), rather than counter-propagating waves in a fib- 
er in drawing motion. This simplifying assumption cre- 
ates a significant and predictable inaccuracy of the es- 
timate of fiber tension that increases monotonically with 
draw speed. Generally, higher draw speeds are eco- 

25 nomically advantageous, and as the fiber drawing ten- 
sion is a critical process parameter that affects the qual- 
ity and yield of the resulting product, it is very advanta- 
geous to employ a non-contact method that is accurate 
at all speeds, particularly very high speed. Furthermore, 

30 these methods of non-contact measurement are also 
complicated with increasing spans, in that the harmonic 
frequency will drop and potentially become confounded 
with subsonic background and building vibration. In- 
creasing spans are normally required at high draw 

35 speeds in the manufacture of optical fiber. 

The methods described in U. S. Patent Nos. 
5,113,708, 4,445,322, 4,376,368, 5,233,200, 5,359,904 
and 4,833,928, share a common shortcoming in that 
they all require inducing synthetic x-y motion into the 

40 filament using a means of gas pressure via flow or 
acoustic impulse. Essentially, they are not ■non-contact" 
in its purest sense, in that a local gas is used to act on 
the fiber, rather than conventional "contact" methods 
that utilize mechanical means. In contrast, optimal con- 

45 ditions for the production of optical fiber are generally 
known to aspire to true non-contact for strength reasons 
(the raw fiber is uncoated and extremely susceptible to 
damage by either entrained particulate or inadvertent 
contact with the acoustic speaker or gas jet devices). 

50 Also, as the optical fiber is passed immediately into a 
viscous liquid coating device whose objective is to uni- 
formly and concentrically coat the optical fiber with a 
protective coating, it is advantageous to minimize the 
transverse motion of the fiber as it enters the coating 
55 device. 
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The invention provides an optical fiber producing 
apparatus having non-contact fiber tension monitoring, 
comprising a traveling wave wavelet transformation 
processor and a time-of -flight fiber tension processor. 

In the optical fiber producing apparatus of the 
present invention, the traveling wave wavelet transfor- 
mation processor responds to a fiber transverse position 
processor signal representing information relating to a 
traveling wave propagating in one direction along a 
moving fiber and a reflection of the traveling wave prop- 
agating back in an opposite direction along the moving 
fiber, and provides a traveling wave wavelet transforma- 
tion signal that is a wavelet representation of a resulting 
transverse motion of the. moving fiber. 

The time-of-flight fiber tension processor responds 
to the traveling wave wavelet transformation signal, and 
provides a time-of-flight fiber tension processor signal 
indicative of a fiber tension of the moving fiber using 
traveling wave time-of-flight analysis. 

One significant feature of the invention that is very 
different than the methods described in the prior art pat- 
ents described above is that the optical fiber producing 
apparatus performs non-contact fiber tension monitor- 
ing using a physical description of the fiber motion which 
accurately accounts for the fact that the fiber is moving, 
particularly at a high rate of speed, which has an influ- 
ence on the time-of-flight of traveling waves propagating 
on the moving fiber. 

One significant advantage of the invention over the 
methods described in the prior art patents mentioned 
above is that the non-contact fiber tension monitoring 
remains extremely accurate at high fiber speeds. 

Other objects of the invention will in part be obvious 
and will in part appear hereinafter. 

Accordingly, the invention comprises the features 
of construction, combination of elements, and arrange- 
ment of parts which will be exemplified in the construc- 
tion hereinafter set forth, and the scope of the invention 
will be indicated in the claims. 

A DESCRIPTION OF THE DRAWING 

For a fuller understanding of the nature of the in- 
vention, reference should be made to the following de- 
tailed descriptions taken in connection with the accom- 
panying drawings, not in scale, in which: 

Figure 1 is a block diagram of an optical fiber pro- 
ducing apparatus 10 of the present invention. 
Figure 2 is a graph of amplitude of sensed traveling 
waves in millimeters as a function of time in sec- 
onds. 

Figure 3 shows an embodiment of a traveling wave 
wavelet transformation and time-of-flight processor 
40 of the present invention. 

Figure 4 shows a graph of draw speed in meters/ 



second versus f^^knsile force in grams. 
Figure 5 shows an alternative embodiment of the- 
present invention in which the traveling wave wav - 
let transformation and time-of-flight processor 40 
has a Kalman filtering network. 

BEST MODE FOR CARRYING OUT THE INVENTION 

General Considerations 
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Generally, during the manufacture of a fiber optic 
cable, a glass optical fiber when drawn is a close ap- 
proximation to a linear, isotropic, inelastic, constant den- 
sity medium for wave propagation consideration. Thus 

1$ the one dimensional wave equation may bersbjved by 
separation of variables, yielding^ ^mathemalfrcaliy tr^ct 
table description for the propagation'of constant shape 
disturbances. Application of the conventional fixed 
boundary conditions, as in the prior art patents, produc- 

20 es the familiar relationship for the so-called resonant fre- 
quencies of the stretched string. These methods predict 
the tensile force if the linear density (mass per unit 
length) and the observed resonant frequency are 
known. This foregoing analysis applies for small trans- 

2S verse displacements of the string, since large displace- 
ments would introduce appreciable strain in the string, 
resulting in longitudinal elastic waves. The coupling of 
the transverse and longitudinal phenomena produces a 
considerably more complex mathematical formulation. 

30 The interpretation of the resonant frequency relation- 
ship depends upon a concept colloquially known as the 
standing wave, though the term is itself oxymoronic. A 
'standing 1 wave is in reality the result of two or more 
counter- propagating waves which have to some extent 

35 constructively interfered with one another in their en- 
counter; a wave, as mathematically described in the pri- 
or art patents and in the present application, is always 
a propagating phenomenon. 

Next, one should consider a fiber in the draw at a 

40 non-zero drawing speed, in which some disturbance re- 
sults in measurable motion in a plane normal to the draw 
axis. The disturbance (wave) thus propagates along the 
fiber axis until it (the wave) encounters a boundary (such 
as a coating applicator). If such a boundary does not 

45 completely dissipate the disturbance, then some of the 
disturbance energy will be reflected and propagate in 
the opposite direction until another boundary is encoun- 
tered (such as the preform root), and the propagation 
process thus continues. 

50 However, since the fiber is translating with respect 
to the wave reflecting boundaries, then the boundaries 
as observed by the wave appear to be in motion along 
the axis of propagation; in other words, the propagation 
distance appears to the disturbance to be shorter in the 

55 direction of the fiber translation and longer in the direc- 
tion opposite of the fiber translation. Or, in the reference 
frame of a fixed observer such as a translations position 
sensor, the same pulse passing by the sensor concur- 
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rent with the axial direction of the moT^rTg fiber will be invention, 
observed for a shorter time than the reflected wave as 
it returns traveling in the direction countercurrent to the 
direction of the fiber movement. When this concept is 
mathematically introduced into the wave equation s 
boundary conditions, a solution is obtained which pre- 
dicts the fiber tension as a function of linear density, 
propagation periods (not to be confused with conven- 
tional resonant frequencies), and the draw speed. In 
fact, the transverse vibration characteristics of a fiber in 10 
the draw depend on the relationship between the draw 
speed and the wave propagation speed, which is an im- 
portant difference between the invention and the prior 
art patents. 

in the discussions that follow, the term "wave" shall is 
be interpreted in the classical physical sense, that is as 
a propagating phenomenon, not to be confused with a 
so-called stationary phenomenon "standing wave". 



Detailed Description of the Invention 
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Figure 1 shows an optical fiber producing apparatus 
10 for producing optical fiber, that includes a draw fur- 
nace 1 2 for heating a preform root 1 4 from which an op- 
tical fiber F is drawn. The fiber is drawn through a fiber 25 
diameter/gauge readout 13, a fiber cooling device 17, a 
first coating application 18, a first cure irradiator 20, a 
second fiber coating device 22, a second cure irradiator 
22, around a fiber pull wheel 26 to a fiber take-up wind- 
ing system 27. The fiber diameter/gauge readout 1 3 pro- 30 
vides a fiber diameter/gauge readout signal 1 3a. A draw 
speed controller 28 responds to the fiber diameter/ 
gauge readout signal 13a, and provides a fiber draw 
speed control signal 28a and a fiber draw speed signal 
28b. A fiber pulling servo drive system 25 responds to 35 
the fiber draw speed control signal 28a, for adjusting the 
speed of the fiber pull wheel 26. The draw furnace 12, 
the fiber diameter/gauge readout 13, the fiber cooling 
device 17, the first coating application 18, the first cure 
irradiator 20, the second fiber coating device 22, the 40 
second cure irradiator 22, the fiber pulling servo drive 
system 25, the fiber pull wheel 26, the fiber take-up 
winding system 27, and the draw speed controller 28 
are all known in the art, and the scope of the invention 
is not intended to be limited to any particular implemen- 45 
tat ion thereof. 

THE NON-CONTACT FIBER TENSION MONITORING 
SYSTEM 

so 



The optical fiber producing apparatus 10 features a 
new and useful way for non-contact fiber tension moni- 
toring, and includes a fiber transverse position sensor 
30, a fiber transverse position processor 32 and a 
traveling wave wavelet transformation and time-of-flight 
fiber tension processor 40. The traveling wave wavelet 
transformation and time-of-flight fiber tension monitor- 
ing processor 40 is the principal focus of the present 



The Fiber Transverse Position Sensor 30 

The fiber transverse position sensor 30 senses the 
transverse position of th moving fiber F, and provides 
a fiber transverse position sensor signal 30a. The fiber 
transverse position sensor 30 is typically located be- 
tween the draw furnace 12 and the first coating device 
18. The fiber transverse position sensor 30 operates in 
two orthogonal axes such that the vector motion of the 
moving fiber F may be derived. Since the moving fiber 
F is drawn by the fiber drawing device 10 at high speed, 
naturally occurring disturbances are introduced onto the 
moving fiber, thus causing the moving fiber to vibrate 
transversely with respect to the draw axis of the fiber, 
resulting in various traveling waves propagating up and 
down the moving fiber F. Each traveling wave that prop- 
agates in one direction down the fiber F is reflected and 
propagated in an opposite direction up the fiber F. The 
fiber transverse position sensor 30 is known in the art, 
and is typically a photodiode array; however, the scope 
of the invention is not intended to be limited to either any 
particular type thereof, the number of optical fiber posi- 
tion detection devices, or the location thereof relative to 
the moving fiber F. 

The Fiber Transverse Position Processor 32 

The fiber transverse position processor 32 re- 
sponds to the fiber transverse position sensor signal 
30a, for providing a fiber transverse position processor 
signal 32a, which contains information relating to a 
traveling wave propagating in one direction along th 
moving fiber F and a reflection of the traveling wave 
propagating back in an opposite direction along the 
moving fiber F. This device acquires a fiber image signal 
from the fiber transverse position sensor 30, processes 
the image signal such that the fiber transverse position 
can be precisely determined in two orthogonal axes, 
then computes a motion vector of the moving fiber F us- 
ing a fiber position record stored in memory (not shown) 
so determined. The scope of the invention is not intend- 
ed to be limited to any particular implementation of the 
fiber transverse position processor 32. 

Figure 2 is a graph of amplitude of sensed traveling 
waves in millimeters as a function of time. Figure 2 com- 
prises an idealized representation of the transverse po- 
sition in one axis of a fiber propagating a unipolar dis- 
turbance which has been ideally propagated and reflect- 
ed, such that the disturbance energy has been con- 
served as it passes the fiber transverse position sensor 
30 with and against the direction of fiber draw This is 
an idealized representation, intended for illustrative pur- 
poses only in connection with the proposed concepts, 
and is not typical of signals available in actual fiber 
processing. 
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q-scale-by-n-bit disc^^Btavelet transform processor 
signal 414a indicative ofa p-sample-by-q-scale-by-n-bit 
discrete wavelet transform of the traveling wav propa- 
gating in one direction along the moving fiber and a re- 
s flection of the traveling wave propagating back in th 
opposite direction along the moving fiber. A wavelet ba- 
sis optimization processor 415 responds to the p-sam- 
ple-by-q-scale-by-n-bit discrete wavelet transform proc- 
essor signal 41 4a, and provides a p-sample-by-q-scale- 
w by-n-bit wavelet basis optimization processor signal 
415a indicative of an optimized p-sample-by-q-scale- 
by-n-bit discrete wavelet transform processor signal. 
The terminology ^wavelet basis optimization* generically 
describes the conditioning and selection operations that 
is accompany wavelet analysis of uniformly sampled sig- 
nals, and the mathematics of the wavelet analysis are 
known in the art. A signal reconstruction processor 416 
responds to the p-sample-by-q-scale-by-n-bit wavelet 
basis optimization signal 415a, and provides the 
20 traveling wave wavelet transformation processor signal 
41a in the form of a reconstruction processor signal in- 
dicative of a reconstruction of the optimized p-sample- 
by-q-scale-by-n-bit discrete wavelet transform proces- 
sor signal The discrete wavelet transform processor 
25 414, the wavelet basis optimization processor 415 and 
the reconstruction processor 416 may be implemented 
as microprocessor software using a standard micro- 
processor architecture, including a microprocessor, a 
read only memory (ROM), a random access memory 
30 (RAM), and a data and address bus for connecting these 
components, which are all known in the art. The math- 
ematics of the wavelet analysis for such processors are 
known in the art. The scope of the invention is not in- 
tended to be limited to any particular implementation of 
35 the sampling clock 410, the analog-to-digitai converter 
411, the first-in/first-out buffer 412, the sampling clock 
divider circuit 41 3, the discrete wavelet transform proc- 
essor 414, the wavelet basis optimization circuit 415, 
and the reconstruction circuit 416, each of which may 
40 be implemented using hardware, software, or any com- 
bination thereof. 

In the embodiment shown in Figure 3, the discrete 
wavelet transform processor 41 4 uses wavelet transfor- 
mations for optimizing a wave shape of a superposition 
45 of a disturbance and an associated reflection thereof 
such that propagation periods, also known as time-of- 
flight, to accurately determine both the disturbance and 
the associated reflection. 

In another embodiment shown in Figure 5, the 
50 traveling wave wavelet transformation processor 41 in- 
cludes a Kalman filter network 41 7 in lieu of the discrete 
wavelet transform processor 41 4, the wavelet basis op- 
timization circuit 415, and the reconstruction circuit 416 
used in the wavelet method shown in Figure 3. The Ka- 
55 iman filter network 417 accurately models signal char- 
acteristics representing thresholds of polarity changes 
(zero-crossings) and enables a determination of propa- 
gation periods of the traveling wave and the reflection 



As shown in Figure 2, the traveling wave wavelet 
transformation and time-of-flight fiber tension processor 
40 responds to the fiber transverse position processor 
signal 32a, and further responds to the fiber draw speed 
signal 28b, and provides a traveling wave wavelet trans- 
formation and time-of-flight fiber tension processor sig- 
nal 42a indicative of a fiber tension of the moving fiber 
F using traveling wave time-of-flight analysis. As shown 
in Figures 2 and 3, the traveling wave wavelet transfor- 
mation and time-of-flight fiber tension processor 40 in- 
cludes a traveling wave wavelet transformation proces- 
sor 41 and a time-of-flight fiber tension processor 42, 
both discussed in detail below. 

In operation, when the traveling wave wavelet 
transformation processor 41 matches corresponding 
wavelet transformation signals, then the time-of-flight 
fiber tension processor 42 determines a difference in 
propagation times for these impulses in alternate direc- 
tions, which is converted into a wave propagation veloc- 
ity. Knowing the traveling wave propagating velocity and 
the material properties of the fiber F, the fiber tension 
can be determined by known methods. 

The Traveling Wave Wavelet Transformation Processor 
41 

In particular, the traveling wave wavelet transforma- 
tion processor 41 responds to the fiber transverse posi- 
tion processor signal 32a, and provides a traveling wave 
wavelet transformation signal 41a indicative of a wave- 
let transform of the traveling wave on the moving fiber F. 

In the embodiment shown in Figure 3, the traveling 
wave wavelet transformation processor 41 includes a 
sampling clock 41 0 for providing a sampling clock signal 
410a. Such sampling clocks are known in the art. An 
analog-to-digital converter 411 responds to the sam- 
pling clock signal 410a, for providing an analog-to-dig- 
ital converter sensed traveling wave signal 411a indic- 
ative of a conversion of an analog sensed traveling wave 
signal into a digital sensed traveling wave signal. Such 
an analog-to-digital converter is known in the art. A first- 
in/first-out buffer 41 2 responds to the sampling clock 
signal 410a, and further responds to the analog-to-dig- 
ital converter sensed traveling wave signal 411a, and 
provides an n-bit-by-1 -sample first-in/first-out buffer sig- 
nal 41 2a indicative of an n-bit-by-1 -sample buffer signal 
read on a first-in/first-out (FIFO) basis. A sampling clock 
divider circuit 41 3 responds to the sampling clock signal 
41 0a, divides it by a factor of k, and provides a sampling 
clock divider signal 41 3a indicative of a divided sampling 
clock signal. Such a sampling clock divider circuit is 
known in the art. A discrete wavelet transform processor 
414 responds to the n-bit-by-1 -sample first-in/first-out 
buffer signal 41 2a, and further responds to the sampling 
clock divider signal 413a, and provides a p-sample-by- 
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thereof. As shown, the Kalman filterTTetwork 417 re- 
sponds to the n-bit by 1 sample first-in/ first-out buffer 
signal 412a and the sampling clock divider signal 41 3a, 
for providing the traveling wave wavelet transformation 
processor signal 41a in the form of a Kalman filter net- 
work signal. Such a Kalman filter network 417 is known 
in the art, and the scope of the invention is not intended 
to be limited to any particular implementation thereof. 

The scope of the invention is also not intended to 
be limited to any particular wavelet transform, to any 
particular optimal filtering method, or to any signal 
processing method which accurately preserves the 
propagation period information content of the fiber 
transverse motion signals herein described. 

The elegance of the wavelet analysis approach de- 
scribed herein lies in its ability to efficiently represent the 
asymmetry inherent in the fiber's transverse motion sig- 
nal, which, as discussed above, results from the super- 
position of reflected disturbances propagating at differ- 
ent velocities with respect to a 'stationary* observer, 
namely the fiber transverse position sensor 30. The goal 
of the signal analyses shall be to accurately estimate 
the zero-crossings of the transverse motion signal and 
thus correctly identify the predicted asymmetric periods. 
The propagation period information can be similarly de- 
rived by matched or adaptive filtering techniques, in- 
cluding but explicitly not limited to Kalman filtering. The 
objective in all cases is to accurately estimate the re- 
spective wave propagation periods from a suitably con- 
ditioned transverse vibration signal. 

The Time-of-Fliaht Fiber Tension Processor 42 

As shown in Figure 3, the time-of-flight fiber tension 
processor 42 responds to the traveling wave wavelet 
transformation processor signal 41a, and further re- 
sponds to the fiber draw speed signal 28b, and provides 
the traveling wave wavelet transformation and time-of- 
flight fiber tension processor signal 42a. 

The time-of-flight fiber tension processor 42 in- 
cludes an asymmetric zero crossing filter 420 that re- 
sponds to the traveling wave transformation processor 
signal 41a, and provides an asymmetric zero-crossing 
filter signal 420a indicative of filtered asymmetric zero- 
crossings of the traveling wave transformation proces- 
sor signal 41a. A constant group delay filter 421 re- 
sponds to the fiber draw speed signal 28b, and provides 
a constant group delay filter signal 421a indicative of a 
constant group delay filter. A time-of-flight estimation 
processor 422 responds to the asymmetric zero-cross- 
ing filter signal 420a, and further responds to the con- 
stant group delay filter signal 421a, and provides a time- 
of-flight estimation processor signal 422a indicative of 
an estimation of the time-of-flight of the traveling wave 
propagating in one direction along the moving fiber and 
the reflection of the trav ling wave propagating back in 
the opposite direction along the moving fiber. A meas- 
ured span length constant indicated as reference nu- 
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meral 423 is provided as^Tspan length constant signal 
423 indicative of a measured constant, determined after 
a typical fiber drawing system is erected and configured. 
The span length constant signal 423a is indicative of a 
5 bounded span length of the fiber, typically a distance 
measured from the preform root to a point at which the 
fiber is in contact with the coating liquid within the first 
coating applicator 1 8. A propagation velocity calculation 
processor 424 responds to the time-of-flight estimation 
10 processor signal 422a, and further responds to the span 
length constant signal 423a, and provides a propagation 
velocity calculation processor signal 424a indicative of 
a propagation velocity of the traveling wave propagating 
in one direction along the moving fiber and the reflected 
is traveling wave propagating back in the opposite direc- 
tion along the moving fiber. A fiber property constant is 
indicated as 425 and is provided as a fiber property con- 
stant signal 425a indicative of at least one fiber property 
constant of the fiber being drawn. This shall be taken to 
20 be the mass per unit length (also called the linear den- 
sity) of the fiber, and a nominal value is used, which as- 
sumes a known uniform diameter. A fiber tensile force 
calculation processor 426 responds to the propagation 
velocity calculation processor signal 424a, and further 
25 responds to the fiber property constant signal 425a, and 
provides the time-of-flight fiber tension processor signal 
42a. For example, the asymmetric zero-crossing filter 
420, the time-of-flight estimation processor 422, the 
propagation velocity calculation processor 424 and the 
30 fiber tensile force calculation processor 426 may be im- 
plemented as microprocessor software using a stand- 
ard microprocessor architecture, including a microproc- 
essor, a read only memory (ROM), a random access 
memory (RAM), and a standard data and address bus 
35 for connecting these components, which are all known 
in the art. The mathematics of the wavelet analysis for 
such processors are known in the art. The scope of the 
invention is not intended to be limited to either any par- 
ticular type implementation of the asymmetric zero- 
40 crossing filter 420, the constant group delay filter 421 , 
the time-of-flight estimator 422, the propagation velocity 
calculation processor 424, the fiber tensile force calcu- 
lation processor 426, all of which can be implemented 
using hardware, software, or any combination thereof. 
45 in the embodiment shown in Figure 5, the time-of- 
flight fiber tension processor 42 responds to the 
traveling wave wavelet transformation processor signal 
41a in the form of the Kalman filtering network signal, 
and further responds to the fiber draw speed signal 28b, 
50 and provides the traveling wave wavelet transformation 
and time-of-flight fiber tension processor signal 42a, in 
a manner similar to that described above with respect 
to the embodiment shown in Figure 3. 

55 The Fiber Tension Readout and Controller 43 

The optical fib r producing apparatus 10 also in- 
cludes a fiber tension readout and controller 43 that re- 
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sponds to the time-of -flight fiber t( ^^^ processor sig- 
nal 42a, and provides a fiber tension controller signal 
43a indicative of a controller information about the fiber 
tension and a visual readout thereof. The fiber tension 
readout and controller 43 is known in the art. The scope 
of the invention is not intended to be limited to any par- 
ticular implementation of the fiber tension readout and 
controller 43, which may be implemented using hard- 
ware, software, or any combination thereof. 

The Controllable Drawing Furnace Power Source 11 

The optical fiber producing apparatus 10 also in- 
cludes a controllable drawing furnace power source 11 , 
responsive to the fiber tension controller signal 43a, for 
controlling the drawing furnace. The controllable draw- 
ing furnace power source 11 is known in the art. 

Discussion of Graph of Fiber Draw Tension in Figure 4 

Figure 4 is a graph comparing the fiber drawing ten- 
sion as estimated by both the conventional 'standing 
wave 1 method taught by Patent No. 4,692,615 and the 
'traveling wave' method taught by the present applica- 
tion, using the same fiber transverse motion signal in 
both cases. The graph presents a typical error behavior 
of the 'standing wave* tension estimator as a function of 
the drawing speed, computed for the conditions present 
while drawing a typical monomode telecommunications 
optical fiber with a medium capacity drawing apparatus. 

Possible Real Time Applications 

The invention has applications is any real-time, 
non-contact measurement of tension in a moving belt or 
filament, such as: optical fiber drawing or winding; yarn, 
textile, or wire drawing or winding; polymer fiber draw- 
ing; ribbon manufacturing or winding; carbon fiber man- 
ufacturing or winding; real time belt (web) tension mon- 
itoring. 



Claims 

1. An optical fiber producing apparatus having non- 
contact fiber tension monitoring, comprising: 

a traveling wave wavelet transformation proc- 
essor (41 ), responsive to a fiber transverse po- 
sition processor signal representing informa- 
tion relating to a traveling wave propagating in 
one direction along a moving fiber and a reflec- 
tion of the traveling wave propagating back in 
an opposite direction along the moving fiber, for 
providing a traveling wave wavelet transforma- 
tion processor signal; and 
a time-of-flight fiber tension processor (42), re- 
sponsive to the traveling wave wavelet trans- 
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formation pi^^Kor signal, and further respon- 
sive to a fibe^raw speed signal, for providing* 
a time-of-flight fiber tension processor signal in- 
dicative of a fiber tension of the moving fiber 
5 using traveling wave time-of-flight analysis. 

2. An optical fiber producing apparatus according to 
claim 1, wherein the traveling wave wavelet trans- 
formation processor (41) includes a discrete wave- 

io let transform processor (414) that uses wavelet 
transformations for optimizing a wave shape of a 
superposition of a disturbance and an associated 
reflection such that propagation periods of the 
traveling wave determine both the disturbance and 

is the associated reflection. 

3. An optical fiber producing apparatus according to 
claim 1 , wherein the traveling wave wavelet trans- 
formation processor further (41) comprises: 

20 

a sampling clock (41 0) for providing a sampling 
clock signal; 

an analog-to-digital converter (411), respon- 
sive to the sampling clock signal, for providing 
25 an analog-to-digital converter sensed traveling 

wave signal; 

a first-in/first-out buffer (41 2), responsive to the 
sampling clock signal, and further responsive 
to the analog-to-digital converter sensed 
30 traveling wave signal, for providing a first-in/ 

first-out buffer signal; 

a sampling clock divider circuit (413), respon- 
sive to the sampling clock signal, for providing 
a sampling clock divider signal; 

35 a discrete wavelet transform processor (414), 

responsive to the first-in/first -out buffer signal, 
and further responsive to the sampling clock di- 
vider signal, for providing a discrete wavetet 
transform processor signal; 

40 a wavelet basis optimization processor (415), 

responsive to the discrete wavelet transform 
processor signal, for providing a wavelet basis 
optimization processor signal; and 
a reconstruction processor (41 6), responsive to 

45 the wavelet basis optimization processor sig- 

nal, for providing the traveling wave wavelet 
transformation processor signal in the form of 
a reconstruction processor signal. 



so 



An optical fiber producing apparatus according to 
claim 1 , wherein the time-of-flight fiber tension proc- 
essor (42) further comprises: 



a time-of-flight estimation processor (422) for 
55 determining a time-of-flight of the traveling 

wave propagating in the one direction along the 
moving fiber and the reflection of the traveling 
wave propagating back in the opposite direc- 
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tion along th moving fiber; 
a propagation velocity calculation processor 
(424) for determining a propagating velocity of 
the traveling wave propagating in the one direc- 
tion along the moving fiber and the reflection of 
the traveling wave propagating back in the op- 
posite direction along the moving fiber. 9. 

An optical fiber producing apparatus according to 
claim 1 , wherein the time-of -flight f iber tension proc- 10 
essor (42) further comprises: 

an asymmetric zero-crossing filter (420), re- 
sponsive to the traveling wave transformation 10. 
processor signal, for providing an asymmetric is 
zero crossing filter signal; 
a constant group delay filter (421), responsive 
to the fiber draw speed signal, for providing a 
constant group delay filter signal; 
a time-of-flight estimation processor (422), re- 20 
sponsive to the asymmetric zero-crossing filter 
signal, and further responsive to the constant 11. 
group delay filter signal, for providing a time-of- 
flight estimation processor signal; 
a propagation velocity calculation processor 2s 
(424), responsive to the timeof-flight estima- 
tion processor signal, and further responsive to 
a span length constant signal indicative of a 
span length constant, for providing the time-of- 
flight traveling wave propagating velocity proc- 30 
essor signal in the form of a propagation veloc- 
ity calculation processor signal; 
a fibertensile force calculation processor (426), 
responsive to the fiber tension calculation, re- 
adout, and controller processor signal, and fur- 35 
ther responsive to a fiber property signal indic- 
ative of at least one fiber property, for providing 
a fiber tensile force calculation processor signal 
indicative of a fiber tensile force of a fiber being 
drawn. 40 

An optical fiber producing apparatus according to 
claim 1 , further comprising: 

a fiber tension readout and controller (43), respon- 
sive to the timeof-flight fiber tension processor sig- *s 
nal, for providing a fiber tension readout and con- 
troller signal. 



if 



gating in the one dnWTion along th moving fiber 
and the reflection of the traveling wave propagating 
back in the opposite direction along the moving fib- 
er, for providing a fiber transverse position sensor 
signal. 

An optical fiber producing apparatus according to 
claim 8, further comprising: 

a fiber transverse position processor (32), respon- 
sive to the fiber transverse position sensor signal, 
for providing the fiber transverse position processor 
signal 

An optical fiber producing apparatus according to 
claim 1 , wherein the traveling wave wavelet trans- 
formation processor (41) includes a Kalman filter 
network (417) for modeling signal characteristics 
representing thresholds of polarity changes (zero- 
crossings), and enabling a determination of the 
propagation periods of the traveling wave. 

An optical fiber producing apparatus according to 
claim 1 , wherein the traveling wave wavelet trans- 
formation processor (41 ) further comprises: 

a sampling clock (41 0) for providing a sampling 
clock signal; 

an analog-to-digital converter (411), respon- 
sive to the sampling clock signal, for providing 
an analog-to-digrtal converter sensed traveling 
wave signal; 

a first-in/first-out buffer (41 2), responsive to the 
sampling clock signal, and further responsive 
to the analog-to-digital converter sensed 
traveling wave signal, for providing a first-in/ 
first-out buffer signal; 

a sampling clock divider circuit (410), respon- 
sive to the sampling clock signal, for providing 
a sampling clock divider signal; and 
a Kalman filter network (41 7), responsive to the 
first-in/ first-out buffer signal, and further re- 
sponsive to the sampling clock divider signal, 
for providing the traveling wave wavelet trans- 
formation processor signal in the form of a Ka- 
lman filter network signal. 



An optical fiber producing apparatus according to 
claim 5, further comprising: 

a controllable drawing furnace power source (11), 
responsive to the fiber tensile force calculation sig- 
nal, for controlling the drawing furnace. 



so 



An optical fiber producing apparatus according to 
claim 1, further comprising: 

a fiber transverse position sensor (30), responsive 
to transverse motion of the traveling wave propa- 
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